Homogeneous fragments of exosporium were extricated in centigram amounts from dormant spores of Bacillus cereus and analyzed for intrinsic constituents. The membrane proved to be chemically complex but not unique, consisting mainly of protein (52%), amino and neutral polysaccharides (20%), lipids (18%), and ash (4%). Seventeen common amino acids were identified by chromatography, and were present in usual proportions except for low levels of cystine-cysteine, methionine, tyrosine, and histidine. Glucosamine was the only amino sugar, and glucose and rhamnose were the principal neutral sugars. The lipid fraction contained 5.5% cardiolipin as the only phospholipid, 12.5% neutral lipids, and at least 19 fatty acids, among which normal C16 and C18 ones predominated. Calcium and phosphorus occurred in the ash. Small amounts of teichoic, ribonucleic, and dipicolinic acids were believed to represent contamination.
A transparent loose-fitting membrane, the exosporium, has long been known to envelop spores of certain bacilli, notably Bacillus cereus and B. anthracis. Increasingly it has become apparent that a similar tunica fits closely, and thus less obviously, around the spores of other species such as B. subtilis, B. megaterium, and B. fastidiosus (15, 18, 24, 39) .
A top and identifying layer of the exosporium is covered with a nap or pile of hairlike projections, which appear as a fringe in cross section or at a folded boundary and as superimposed convolutions in surface view (13-16, 22, 24, 26) .
A basal layer appears lamellar in cross section and as a hexagonally ordered lattice in surface view (2, 13, 14, 17) . It fragments into crystal-like elements, and produces the X-ray diffraction pattern of a hexagonal close-packed structure (14) .
Because of its fascinating architecture and primary position in physiological and antigenic reactions of the spore, we undertook the chemical analysis of isolated exosporium.
MATERIALS AND METHODS Spores. The terminalis (T) strain of B. cereus was cultured as described previously (6) . The spores were separated either by phase separation in Mn 200,000 polypropylene glycol and water (A. G. Marr, personal communication) or by differential sedimentation (6,000 X g, 5 min) through 45% sucrose. Either process was repeated at least four times. The spores were then sedimented at least 10 times through distilled water.
The degree of homogeneity of the spore suspension was defined by four main criteria at about the 1% level of confidence: (i) absence of methylene bluestainable spores or extraneous material; (ii) absence of poly-,B-hydroxybutyrate granules; (iii) absence of extraneous particles by electron microscopy; and (iv) absence of detectable catalase in a slide test.
Exosporium. Fragments of exosporium were slipped off by extruding the spore suspension through a refrigerated needle valve at 32,000 psi (14) . Spores and debris in the effluent mixture were sedimented in a large swinging-bucket rotor (1,200 X g, 60 min). Two successive washes by centrifugation from distilled water (1,200 X g, 80 and 100 min) allowed recovery of additional exosporium fragments. The three supernatant suspensions were pooled, and the exosporium fragments were repeatedly sedimented through distilled water (48,000 X g. 180 min) and then dried in a vacuum over CaSO4. The degree of homogeneity of the isolated exosporium was defined as follows: (i) dense suspensions containing about 35 mg of exosporium per ml included only about one intact spore per field under light microscope (X 900); (ii) dense preparations under an electron microscope at low magnification (X 9,000) only rarely included an intact spore and contained relatively few contaminating particles; (iii) dispersed preparations at high magnification (X 50,000) appeared homogeneous, except for the crystal-like flakes that apparently derive from the exosporium basal layer and the relatively rare pieces of more granular material that probably represent contaminating fragments of spore coat (14) ; (iv) cen-196 EXOSPORIUM FROM B. CEREUS SPORES trifugation through a linear density gradient of sucrose revealed only one peak with a small trailing shoulder, in which the crystal-like flakes were concentrated; (v) the chemical analyses disclosed materials which were probably contaminants in amounts that varied from trace to significant percentages.
Chemistry. Total nitrogen was determined by micro-Kjeldahl analysis (20) . ca-Amino nitrogen was measured by a modification of the Moore and Stein procedure (31) , after digestion in 6 N HCI at 107 C for 20 hr. The amino acids were identified by use of a Beckman-Spinco model 120 amino acid analyzer, after hydrolysis of the sample in 6 N HCl at 107 C for 24 hr. The reliability of the analyzer was checked by duplicate analyses.
Total amino sugars were measured by use of the method of Belcher, Nutter, and Sambrook (4) and by a modification of the Elson-Morgan procedure (30) , after hydrolysis in 4 or 6 N HCI at 100 C for 10 of 5 hr, respectively, with correction for loss in a glucosamine standard. The hydrolysates were fractionated on Dowex 50 columns, and the components were identified by comparing mobilities with those of standard compounds, including glucosamine (28) .
For analyses of neutral sugars, exosporium was hydrolyzed in 2 N H2SO4 at 100 C for 120 min. The differential anthrone method of Toennies and Kolb (38) was used to measure glucose, and rhamnose plus ribose. Ribose was specifically determined by the orcinol method (40) , and the anthrone-reacting rhamnose was estimated by difference. Methyl pentose (rhamnose) also was measured by the method of Dische and Shettles (9) .
To prepare the hydrolysate for chromatography of sugars, the pH was adjusted to 5.0 to 5.5 by the addition of solid Ba(OH)2, and then the insoluble BaSO4 precipitate was removed by low-speed centrifugation. The sugars were separated by descending paper chromatography with a solvent system of n-butyl alcohol-acetic acid-water (4:1:1), and were identified by reaction with aniline phthalic acid and ammoniacal silver nitrate (7) .
Phosphorus was determined by the methods of Chen, Toribara, and Warner (8) and Fiske and SubbaRow (11), after digestion in 10 N H2SO4 at 130 C for 60 min followed by oxidation with 30% H202. Inorganic phosphate was determined by the method of Dreisbach (10) . Organic phosphate was extracted with isobutanol-benzene (41) .
Total lipid was extracted by refluxing with methanol in a Soxhlet apparatus for 4 hr and with chloroformmethanol (2:1) for 12 hr. The extracts were pooled, washed with 1 M KCl and distilled water (12) , evaporated, dried, and weighed. Total lipid was also determined by drying and weighing an ether extract of exosporium after hydrolysis in 6 N HCI at 105 C for 20 hr (32) . The amount of phospholipid was estimated by determining the percentage of phosphorus in the chloroform-methanol extract and applying a conventional conversion factor of 25, with the difference taken as neutral lipid. Phospholipid in the chloroform-methanol extract was detected and identified by thin-layer chromatography on glass plates which werecoated with Silica Gel G (Merck) and activated at 100 C for 1 hr before use. The following solvents were used: (i) chloroform-methanol-water (65:25:4); (ii) chloroform-methanol-glacial acetic acid-water (70:10:7:3); (iii) chloroform-methanol-7 N NH40H (75:25:4). A multiple solvent was also used to separate the neutral lipid from the phospholipid. The plates were first developed in solvent (i) after allowing the solvent to rise for 10 cm, and then the plates were dried. The plates were rerun in the same direction in hexane-ether (4:1) until the solvent rose to 15 cm (29) . Lipid was detected by exposing the plates to iodine vapors, or by spraying with rhodamine-G and observing under ultraviolet light. Nitrogen-containing phospholipid on the plates was detected by spraying with ninhydrin (0.5% in 95% acetone) followed by heating at 100 C for 5 min. Phosphate-containing phospholipid on the plate was detected by spraying with perchloric-molybdic acid and heating at 100 C for 7 min. Phosphatidylglycerol and phosphatidic acid were obtained from Supelco, Inc., Bellafonte, Pa. Other phospholipid standards were obtained from applied Science Laboratory, Inc., State College, Pa.
The fatty acids in the chloroform-methanol extract were separated by gas-liquid chromatography, after methanolysis with 15% boron trifluoride-methanol reagent (25) . Gas-liquid chromatography was carried out in stainless-steel columns (6 ft X Y8 inch; 183 X 0.3 cm), which were packed with either 10% Apiezon L or 10% polyethylene glycol adipate on 60/80 gaschrome P. The columns were operated isothermally at 190 C, and the fatty acid methyl esters were identified by comparison of retention times with known standards. The gas chromatograph apparatus was an F & M model 810-19 with a flame-ionization detector. Helium was used as a carrier gas, and the injection and detector temperatures were 300 and 290 C, respectively. The (19) , and ribonucleic and deoxyribonucleic acids (RNA and DNA) (34, 35) . Calcium and magnesium were determined by atomic adsorption spectrophotometry (model 290, Perkin Elmer).
RESULTS
The gross composition of isolated exosporium is shown by the analytical results in Table 1 Table 2 . b Interpreted to be contamination (see Discussion).
9.1%. Exosporium contained 6.32% a-amino nitrogen.
Because of other nitrogenous components, the total of the amino acid content, which amounted to about 52% (Table 2) , provides a better estimate of protein content. Chromatographic analyses were performed on three separate preparations of exosporium, but the one shown was selected because of its low contents of ammonia (indicating lack of molecular degradation) and half-cystine (indicating lack of contamination with spore coat). The totals of amino acid protein in the three preparations were 52.1, 55.4, and 37.3% (dry weight). The usual amino acids prevailed, although a few were notable for their low level or absence. Bacterial spore coats are rich in cystine (27) , whereas the exosporium had relatively little (0.2%, trace, and 2.2% in the three preparations). Methionine, tyrosine, and histidine also occurred in relatively small amounts. Diaminopimelic acid could not be detected (indicating lack of contamination with cortical glycopeptide).
Total amino sugar amounted to 3.8%, and only glucosamine was present. Muramic acid could not be detected (again indicating lack of contamination with cortical glycopeptide).
Three neutral sugars plus the amino sugar were (Table 3) . Normal saturated C16 and C,g fatty acids together accounted for approximately 40% of the total. Of those remaining, nine were straight-chained (seven saturated and two unsaturated), seven were branch-chained (four isoand three anteiso-), and one peak remained unidentified. An almost identical qualitative pattern appeared in lipid extracts of intact spores, although significant quantitative differences were apparent. Because they frequently contaminate spore preparations and fractions, isolated polyf3-hydroxybutyrate granules were treated and examined in the same manner, but no peaks were found in the extracts of equivalent amounts, nor could this sporangial polymer be detected in the exosporium preparation by direct chemical analysis.
The phosphorus content of exosporium amounted to 0.59% of the dry weight (1.8% expressed as phosphate), versus 1.13% for intact spores. All of the exosporium phosphorus occurred in organic form, and the largest amount was associated with the phospholipid (0.22% of the exosporium dry weight). Consistent with the indication from the ribose analysis that a small amount of RNA was present, 0.10% of the exosporium dry weight was recovered as phosphorus after treatment with ribonuclease. Direct analysis showed 1.2% RNA to be present, but only a trace of DNA could be detected. Teichoic acids were extracted in an amount of 2.15% of the dry weight, and the phosphorus in this fraction corresponded to 0.07% of the dry weight.
Dipicolinic acid uniquely occurs in large amounts in dormant spores (7.83% of the dry weight in this case), along with equimolar proportions of calcium, and both are liberated upon germination or disruption. Isolated exosporium, however, contained only 0.20% dipicolinate but 0.65% calcium. The total ash content was 3.8%, including a trace of magnesium as well as calcium, phosphate, and probably other unidentified constituents.
DISCUSSION
The chemical definition of exosporium, as well as other anatomical structures of a spore, is complicated by both possible loss and possible gain of materials in the process of isolation. The extensive washing procedures are intended to remove granules and other cytoplasmic residues that are enveloped when the exosporium is formed in the rnother cell (27) , but could conceivably remove (42) . Similarly, the pattern of fatty acids in the lipid extract was like that found in the intact spore. The finding that normal C16 and C18 fatty acids predominated in exosporium is contrary to earlier reports that branched and unsaturated fatty acids are characteristic of the spores (33) and vegetative cells (21, 33) of B. megaterium and other species. The single phospholipid identified in the isolated exosporium (cardiolipin) also was reported to occur abundantly in spores from cells of B. megaterium grown in the absence of glucose (5). The calcium was believed to be mostly an intrinsic component because it occurred in much greater amounts than dipicolinate and magnesium, whereas similar amounts would be expected if they all were simply adsorbed. The presence of metals in the exosporium, apparently only in the basal layer, has also been shown in spodograms (37) .
Corrections should be noted from preliminary data on the chemical composition of isolated exosporium (27, 36 ; Matz and Gerhardt, Bacteriol. Proc., p. 14, 1964; Matz and Gerhardt, Bacteriol. Proc., p. 31, 1965) . With the subsequent analyses reported above, the previously reported number and total content of amino acids were revised upward (from 15 and 37% to 17 and 52%), the reported presence of galactose was discredited, the amount of glucosamine was corrected downward (from 11.2 to 3.8%), and the reported nonhydrolyzable portion was successfully degraded and accounted for. The poly-,B-hydroxybutyrate reported by Yoneda and Kondo (43) in coat and exosporium is believed accountable as contamination with vegetative residue.
